Morphogenesis of exocrine glands is a complex stepwise process of epithelial ingrowth, ductal elongation, ductal branching, and alveolar or acinar differentiation. Emerging from an increasing number of mouse gene knockout, dominant-negative, and antisense models is the identification of a remarkable collection of cell adhesion molecules, growth factors, and their receptors whose time-dependent contributions to glandular organogenesis are essential. Many have cryptically overlapping and interdependent but noncompensatory roles. Discoidin domain receptor 1 tyrosine kinase (DDR1) and the ErbB1 receptor of amphiregulin are, for example, required for ductal branching and elongation. Each is in turn dependent on the Wnt family of morphogenic factors for autophosphorylation or transactivation, respectively. Here we review the current cast of exocrine glandular morphogens, as a foundation for a global or systems biology appreciation of the interweaving signaling pathways that underlie mammalian glandular morphogenesis. D
Introduction
Advances, recent and past, point to organogenesis as a multifaceted progression of cellular events (Lecuit and Pilot, 2003) involving a subtle and changing paracrine crosstalk of molecular morphogens. Morphogen crosstalk is in turn microprocessed (Wiley et al., 2003) in the context of adhesive forces exerted by adjacent cells and the evolving extracellular matrix (Affolter et al., 2003; Edlund, 2002; Gumbiner, 1996; Hogan, 1999; Hogan and Kolodziej, 2002; Perez-Moreno et al., 2003) . Nuclei are profoundly influenced by both interactions (Bissell et al., 1982) , as manifested at the simplest level in heightened amounts of local DNA synthesis or apoptosis, and more intricately by a shifting milieu of transcription factors, transcriptional complexes, (Affolter et al., 2003; Edlund, 2002; Gu et al., 2003; Hogan and Kolodziej, 2002) , and chromosomal modifications. Such forming cellular communities underlie much of the physiological success of higher organisms for they offer specialized responses to altering patterns of environmental stimuli.
A well-studied example is the adult mammary gland in which a complete hormone-dependent developmental progression is recapitulated with each pregnancy (Bissell and Barcellos-Hoff, 1987; Hennighausen and Robinson, 1998) . Timed exchange of growth factors from mesenchymal cells (i.e., inhibin, activin, HGF, EGF) to the morphing epithelium and back (i.e., EGF, FGF3) cross a cell-adhesive laminin-1-and proteoglycan-enriched basement membrane. Basement membranes are polymeric sheets capable of both adsorbing and favorably displaying FGF3 and HGF to available epithelial receptors-a process subject to continual basement membrane remodeling by mesenchymal MMPs (Massova et al., 1998) . Cellular ligation of laminin-1, in turn, is linked to growth factor responsiveness and to inhibition of a cellular phosphatase making possible prolactin-induced phosphorylation of cytoplasmic Stat-5 and translocation of Stat-5-phosphate to the nucleus for promotion of milk gene transcription (Lee and Streuli, 1999) .
Factors presumed to be morphogenic from cell culture studies have been recently put to the test via gene knockout-an approach that is propelling the organogenesis field forward at an unprecedented rate. Many genes remain to be targeted, or alternatively require a conditional knockout strategy to avoid lethality, and complications can arise from gene compensation. Nonetheless, application of genetics to the molecular scrutiny of glandular morphogenesis in vivo is unmatched in its power and sets in motion the search for a glandular 'morphogenetic code' (Hogan, 1999) . Here we review how mouse gene ablation has begun to clarify many features of exocrine gland morphogenesis, whose polarized exocrine secretory cells enjoy an extraordinary level of investigation at the nexus of mammalian and yeast genetics. We begin by summarizing key findings in the context of cellular processes involved in exocrine gland organogenesis. Six main steps are generally described: (i) primitive epithelial ingrowth, (ii) ductal elongation, (iii) ductal branching, (iv) acinar or alveolar cell proliferation, (v) acinar or alveolar cell differentiation, and (vi) acinar or alveolar cell survival. Each step is dependent on a variably reciprocal relationship between nascent glandular epithelium and the underlying mesenchyme.
Forming an exocrine gland in time and space
Primitive epithelial ingrowth, or budding (Hogan, 1999) , is the first outward manifestation of exocrine gland morphogenesis . The impressively precise timing and positioning of an epithelial ingrowth or bud is attributable to the establishment of overlapping molecular fields that change through ductal enlongation and beyond. Lacrimal gland ingrowth in mice is initiated at the eye's temporal edge at E13.5 (Makarenkova et al., 2000) , whereas salivary gland budding occurs adjacent to the developing tongue at E11 (Hoffman et al., 2002) or at E10 by both lateral flanks in mammary glands (Mailleux et al., 2002) or immediately posterior to the stomach in pancreas (E8.5 -E9.5; Golosow and Grobstein, 1962) . Genetic studies suggest that parathyroid-like hormones FGF10 and cadherin-2 ( Fig. 1 ) are essential for primitive epithelial ingrowth. Parathyroidlike hormone is secreted by early mammary bud epithelium and after release promotes numerous mesenchymal responses. Most notable is the production of FGF10 (Fig.  1 ) that triggers epithelial ingrowth (Celli et al., 1998; Govindarajan et al., 2000; Mailleux et al., 2002) together with other factors detailed later. Pancreatic ingrowth is dependent on mesenchymal aggregation via cadherin-2, as mesenchyme differentiates to support the epithelium. Restricted fields of expressed FGF10 are a common feature of budding morphogenesis in a number of different organ systems, including limb bud and lung (Hogan, 1999) , and transcription factors play a key role specifying or restricting this process. Pax 6, for example, restricts FGF10 responsive epithelia in lacrimal gland (Makarenkova et al., 2000) . Other transcription factors required for budding include HlxB9, Isl1, LEF-1, Msx1/ Msx2, Pbx1, Pdx1, and Tbx3 (Ahlgren et al., 1997; Davenport et al., 2003; Gu et al., 2003; Phippard et al. 1996; van Genderen et al., 1994) .
Ductal elongation (Fig. 2) is dependent on a different array of adhesive and local diffusible molecules suggestive of an overlap or switch in molecular signaling strategies. The recently characterized discoidin domain receptor 1 tyrosine kinase (DDR1), which binds collagens, is for example activated in a Wnt-5a-dependent and pertussis toxin inhibitable manner. Netrin-1, TIMP1, amphiregulin, IGF1, the inhibin hB subunit, and leukemia inhibitory factor are also required. Involvement of TIMP1 emphasizes the critical importance of basement membrane renewal in epithelial morphogenesis, the former of which is regulated in large part by relative levels of TIMPs and MMPs. MMP3 is thought to selectively facilitate ductal elongation and branching beyond existing basement membranes (Sympson et al., 1994; Witty et al., 1995) that can otherwise act as a growth barrier. Yet MMP3 null glands appear essentially normal despite a transient deficiency in lateral branching (a) . For simplicity, the basement membrane was excluded. Represented are cellular adhesion and diffusible factors required for ingrowth, as revealed by gene knockout. Epithelial (i) PTHLH targets its mesenchymal PTHR1 receptor to promote the survival and differentiation of (ii) FGF10 expressing (Bhushan et al., 2001 ) mesenchymal cells (see with FGFR2B receptor). Mesenchymal cells aggregate and adhere to each other via (iii) cadherin-2 (CDH2; 'N-cadherin'). Among multiple factors expressed as a direct or indirect consequence of PTHLH is the transcription factor LEF-1. Mice lacking LEF-1 fail to develop mammary glands (van Genderen et al., 1994) . Arrows indicate vesicular secretion of PTHLH and FGF10. (Wiseman et al., 2003) , suggesting developmental compensation by other MMPs. Netrin-1 was discovered as an axonal growth protein whose role in glandular morphogenesis has received little attention.
Ductal branching (Fig. 3 ) brings into play a number of different basement membrane-dependent adhesion mechanisms, as demonstrated genetically by the requirement for DDR1, integrin a2, a3, and a6 subunits, and cell surface h1,4-galactosyltransferase. Essential diffusible factors are more numerous perhaps reflecting the enhanced complexity of branching. These include amphiregulin, BMP7, colony stimulating factor 1, FGF10, TGFh1-3, and Wnt4. Indian hedgehog and sonic hedgehog contribute to ductal polarization and mice null for a mediator of hedgehog signaling, Gli2, display ductal abnormalities (Lewis et al., 2001 ). Other key transcription factors include C/EBP h, NF-nB, and Nkx3.1 (Brantley et al., 2001; Robinson et al., 1998; Schneider et al., 2000; Seagroves et al., 1998) . Some parallels can be drawn to lung-branching morphogenesis, which is predicted to balance promotion and inhibition of new branch sites by relative levels of FGF10, BMPs, SHH, and Wnts (Hogan, 1999) , among other factors.
Acinar or alveolar cell proliferation (Fig. 4) is primarily under the control of the epithelial mitogens neuregulin 1 of the ErbB ligand family, tumor necrosis factor ligand superfamily 11 (TNFSF11), and transforming growth factor h1-3. Also required is IGF2, whose cellular source remains to be clarified. In keeping with TNFSF11 signaling to NF-nB and cyclin D1 via IKKa, mice with inactive IKKa subunit or cyclin D1
À/À display defective alveolar cell proliferation (Cao et al., 2001) .
Acinar or alveolar cell differentiation ( Fig. 5 ) is triggered by multiple adhesion and growth factors. Genetic studies reveal a large role for cell adhesion in acinar or alveolar cell differentiation, for which laminin receptors figure prominently. Laminin-dependent cell polarization has been observed in multiple cell systems (Yurchenco et al., 2004) , but not fully appreciated are the variety of laminin receptors required for acinar or alveolar differentiation including a3h1 and a6h1 integrins, cell surface h1,4-galactosyltransferase, and the less studied protein tyrosine phosphatase receptor type F. Other essential players are cadherins-1 and -3, osteopontin (SPP1), neuregulin1, TGFa, and TGFh 1-3-all described in more detail later. Key transcription factors include Hif1a, Id2, Mist1, Nkx3.1, Stat5, and PTF1-p48 (Brantley et al., 2001; Long et al., 2003; Pin et al., 2001; Seagroves et al., 2003) , in keeping for example with the dependence on Stat5 for laminin-dependent casein expression (Lee and Streuli, 1999) .
Acinar or alveolar cell survival (Fig. 6 ) like differentiation is largely dependent on the combination of cadherin-1-mediated cell -cell adhesion, anchorage to laminins through h1 integrins and protein tyrosine phosphatase receptor type F, and ErbB4 signaling promoted by CD44. CD44 is a heparan sulfate proteoglycan that serves to nucleate MMP7 and pro-HB-EGF in the proximity of the ErbB4 receptor on the apical surface. As essential growth factor coreceptors, with cell adhesion (and often gel-forming) activity, proteoglycans play a large role in morphogenesis and survival.
Exocrine gland morphogenesis is relatively rapid. Approximately 3 -4 days (i.e., lacrimal, prebirth mammary, pancreas, salivary) or 1 week (pregnant mammary) is sufficient for ductal elongation (Fig. 2) then branching (Fig. 3) . Five to nine days later, acinar or alveoli have formed (Hennighausen and Robinson, 1998; Hoffman et al., 2002; Kratochwil, 1971 ; Makarenkova et al., 2000; Wessells and Evans, 1968; Wolff et al., 2002) (Figs. 4 and 5 ), a time course followed even in vitro (Matter and Laurie, 1994; Schmeichel and Bissell, 2003; Wessells and Evans, 1968) . Thus, in the short space of 2 weeks or less, unremarkable stretches of superficial cells seed a tremendous cellular expansion progressively shaped into a sophisticated secretory factory capable of releasing highly concentrated protein solutions (several mg/ml) within milliseconds. Viewed by scanning electron microscopy, secretory acini or alveoli project from ducts as ball-like or tubular clusters covered in all dimensions with a basement membrane, which is in turn 'spot welded' with a loosely woven extracellular matrix containing mesenchymal cells, blood vessels, and nerves. This three-dimensional snapshot of a microcosm of time and space obscures the dynamic range of continual cellular and molecular activity and tissue movement in both the developing and fully developed exocrine gland. Instructional exchange sufficiently precise to drive exocrine gland organogenesis in the three-dimensional adhesive architecture of the developing organism is an amazing feat. At work are shifting forces both proliferative and antiproliferative or apoptotic, adhesive and anti-adhesive, polymerizing, and degradative.
An increasing number of mouse gene knockout, dominant-negative, or antisense models have uncovered a remarkable group of cell adhesion and diffusible effectors of exocrine gland morphogenesis (Tables 1 and 2 ). Many have overlapping roles and influence or are influenced by a limited array of transcription factors. We next review genetic data underlying each required 'cellular adhesion regulator' or 'local diffusible regulator' in the context of their protein families. For brevity, particular emphasis is placed on lacrimal, mammary, and salivary glands and on the exocrine pancreas. Unigene designations are included throughout for clarity.
Cellular adhesion regulators
Cell -cell and cell-extracellular matrix events are dramatic for they shape cells and tissues and promote responsiveness to diffusible factors and hormones. Cell -cell adhesion is primarily regulated by cadherins. Prominent in cellextracellular matrix adhesion are integrins.
Cadherins-1-3
Cadherins compose a large family of calcium-dependent transmembrane molecules that ligate like molecules on adjacent cells (Figs. 1, 5 , and 6) to form cellular sheets, tubes, and mesenchymal condensates. Cadherins were first discovered via epithelial (Gumbiner and Simons, 1986; Hyafil et al., 1981; Ogou et al., 1983) or mesenchymal (Takeichi, 1977) cell aggregation assays. Ligation triggers phosphorylation of a highly conserved cytoplasmic domain leading to nucleation of catenin-mediated signaling complexes ( Table 3 ) that alter the actin cytoskeleton, microtubules, and transcription (Perez-Moreno et al., 2003; Yap and Kovacs, 2003) . Gene ablation studies suggest that cadherins-1, -2, and -3, but not apparently -4, -5, -6, -11, -15, or -23, are necessary for exocrine gland organogenesis (Table 1) .
Cadherin-2 (CDH2; 'N-cadherin') is expressed widely in pancreas and mammary gland and a number of nonglandular tissues. Conservation between mouse and human is high (Table 3) . Under normal circumstances, cadherin-2 protein expression is first restricted to mesenchymal cells ( Fig. 1) around the dorsal and ventral pancreatic endodermal ingrowths (E9.5), later spreading to endoderm. When absent, dorsal mesenchymal cells are lost due to apoptosis. Although cadherin-2 null ectoderm can develop normally when transplanted into wild-type host, lacking mesenchymal input, the dorsal bud fails to develop (Esni et al., 2001) . The spared ventral bud is suspected to enjoy compensation from other unidentified cadherin(s). In contrast, cadherins-1 (CDH1; 'E-cadherin') and -3 (CDH3; 'Pcadherin') are expressed in epithelial (cadherin-1) or myoepithelial (cadherin-3) cells and are critical for acinar or alveolar differentiation (Radice et al., 1997a; Fig. 5) . Both are present in diverse tissues including mammary, salivary gland, and pancreas and are well conserved (Table  3) . Cadherin-1 null embryos die at implantation due to failure of compaction (Larue et al., 1994; Riethmacher et al., 1995) . However, conditional removal of cadherin-1 solely in mammary gland triggers alveolar cell dedifferentiation and subsequently apoptosis (Boussadia et al., 2002) , suggesting a key role for cadherin-1 signaling. Glands expressing the dominant-negative h-catenin construct heng are somewhat similar. h-eng remains capable of interacting with the cytoplasmic cadherin complex but has amino phosphorylation sites mutated to minimize degradation and the C-terminal nuclear transactivation domain replaced by the engrailed repressor to minimize Wnt/h-catenin signaling (Tepera et al., 2003; see Wnt section) . h-catenin signaling therefore appears to be required for alveolar cell survival (Tepera et al., 2003) . Dominant-negative cadherin-1 (Delmas et al., 1999) or absence of myoepithelial cadherin-3 (Radice et al., 1997b) has the opposite effect of promoting alveolar differentiation in virgin mice, much like an alveolar cellexpressed h-catenin construct lacking the first 89 amino acids (Imbert et al., 2001 ) involved in cadherin binding. Thus, development of an alveolar-like phenotype is associated with availability of active h-catenin or overexpression of cadherin-1 cytoplasmic domain-both of which increase alveolar c-myc, cyclin D1, and cadherin-1. Suppressing h-catenin transactivation or ablation of cadherin-1 or the cyclin D1 gene has the opposite effect and triggers apoptosis. Careful scrutiny of precocious alveoli revealed some defects suggesting incomplete utilization or expression of the integrin h1and h4 subunits and laminin-1 (Tepera et al., 2003; see sections below) . Organogenesis is therefore not dependent on one particular factor but instead on a sampling of different factors in an evolving contextual setting.
Integrins a2, a3, a6, and b1
Integrins compose the largest family of extracellular matrix ('ECM') receptors (Hynes, 2002) . Paired a and h chains (Figs. 3 , 5, and 6) form a ligand binding domain (Luo et al., 2003) that is cation dependent and whose activity is reciprocally influenced by C-terminal nucleation of cytoplasmic elements, including talin and FAK (Parsons, 2003) that link integrins to the actin cytoskeleton. Although proximal nucleation factors differ, both integrins and cadherins figure strongly in cell proliferation, migration, polarization, differentiation, and survival by modulating their actin anchorage, in large part through a stepwise series of common GTP or phosphotyrosine-dependent events. Thus, both receptors sequentially activate Rac1, Cdc42, and the tight junction complex Par6-PKC~and inactivate RhoA (Noren et al., 2003) and glycogen synthase kinase-3h (GSK-3h; Etienne-Manneville and Hall, 2003)-the latter an intersection point with the important Wnt or catenin signaling pathway.
Survey of all integrin gene knockouts indicates key roles for a2, a3, a6, and h1 integrin subunits in the genesis of exocrine glands (Table 1) . a1, a5, a7, a8, a9, av, aIIb, h4, h5, and h6 are also all expressed in exocrine glands (Unigene), and each has been knocked out but glandular phenotype, if any, is undocumented. Early lethality of a5 and av null necessitates generation of targeted constructs. Indeed, a5h1 and its ligand fibronectin were recently shown to modulate salivary gland branching morphogenesis in organ culture (Sakai et al., 2003) .
Pairing of a2 (ITGA2) and h1 (ITGB1) subunits forms an integrin that binds collagens I and IV at multiple sites and laminins-1 and -5 via the N-terminus of the a chain. a2h1 also possibly interacts with aggregated cadherin-1 (Whittard et al., 2002) . a2h1 is modestly distributed on epithelial cells and occasional stromal cells of mammary gland, pancreas, and other tissues including platelets and is well conserved between mouse and human (Table 3) .
In mammary gland, a2h1 is prominent on growing end buds where mammary ducts grow and branch ( Fig. 3 ) and thereafter gradually diminishes (Keely et al., 1995) with absence during lactation and involution (Prince et al., 2002) . When a2 is ablated, a substantial reduction in branching is observed but mice are viable (Chen et al., 2002) . In contrast, a3, a6 (ITGA3, 6), and h1 null mice die at birth or earlier, in keeping with an apparently much broader wild-type expression that includes epithelial cells of mammary, salivary gland, and pancreas. a3 couples with h1 to bind laminins-2, -5, and -10/11 well at the a chain C-terminus and laminin-1 poorly. Absence of a3 in late gestation salivary gland is associated with defects in basement membrane integrity, acinar cell polarity, and decreased expression or activation of signaling mediators RhoA, Cdc42, and ERK1/2 (Menko et al., 2001) . ERK 1/ 2, JNK (p54/46), Shc (p52/46), Grb2, Akt (P-Thre308), FKHR (P-Ser256), and Bad (P-Ser136) are similarly affected by a mammary-targeted dominant-negative h1 construct, possibly in part via an indirect effect on a6h4 (Faraldo et al., 2001) , indicating that mammary epithelial cells require integrin-mediated adhesion to proliferate via signaling through Shc, Grb2, ERK, and JNK. Similarly integrin-mediated signaling through Shc, Grb2, Akt, FKHR, and Bad is required for survival. Yet, late gestation a3 or a6 null mammary glands transplanted into wild-type hosts appear to develop normally, despite a considerable body of in vitro evidence predicting otherwise (Klinowska et al., 2001 ). Compensation of one for the other is highly likely. Indeed a6h1 and a3h1 ligate essentially identical laminins with the exception that a6h1 also strongly binds laminins-1 and -8 (Colognato and Yurchenco, 2000) . In exocrine pancreas, reduced branching and aberrant acinar differentiation became apparent only in a3 or a6 double null mice (De Arcangelis et al., 1999) . a6 is highly conserved (Table 3) and widely expressed on the basal or basolateral surface of exocrine epithelia from branching ducts ( Fig. 3 ; Kadoya et al., 1995) through to mature alveoli or acini (Figs. 5 and 6; Terpe et al., 1994) . The prominence of laminins and collagens as integrin ligands in glandular morphogenesis is obvious, yet surprisingly no laminin or collagen chain knockout has been scrutinized from this perspective. Knockout of the laminin g1 chain (found in laminins-1, -2, -3, -4, -6, -7, -8, -9, -10, and -11) and laminin a5 chain (found in laminins-10 and -11) is embryonic lethal (E5.5 and E14-15, respectively). Neonatal or postnatal lethality results from removal of laminin a2, the a constituent of laminin-2, or a3 found in laminins-5, -6, and -7. Similarly, ablation of several collagen chains including the a1 chain of collagens II, III, VII, and XI; the a2 chain of collagen V; and the a3 chain of collagen IV is neonatal or postnatal lethal. The severity of such phenotypes speaks to the developmental importance of integrin-ECM ligations (Figs. 3, 5, and 6), for which new dominant-negative and 'knockout-knockin' mouse models could hold great promise.
Others
A growing number of noncadherin or nonintegrin molecules have been reported to act on or utilize adhesion-based mechanisms to direct exocrine glandular morphogenesis. Gene ablation or suppression of DDR1 (Vogel et al., 2001) , netrin-1 (Srinivasan et al., 2003) , and TIMP1 (Fata et al., 1999) , for example, influences ductal elongation. Others include CD44 (acinar or alveolar cell survival), cell surface galactosyltransferase (ductal branching; acinar or alveolar cell differentiation), PTPRF, and osteopontin (acinar or alveolar cell differentiation; Table 1 ).
CD44
Some exocrine cells feature the apical cell surface heparan sulfate proteoglycan CD44 (Fig. 6 ), which binds both MMP7 and pro-HB-EGF in a complex with ErbB4 receptor. MMP7-dependent activation of pro-HB-EGF in the proximity of ErbB4 in turn promotes alveolar cell survival. MMP7 accumulates basally instead of apically in CD44 À/À mice, and although ErbB4 location is unaltered, phosphorylation on tyrosine is diminished. Also HB-EGF is only weakly apparent (Yu et al., 2002) , and alveolar cells prematurely enter involution. CD44 is widely expressed in many different tissues including mammary gland, salivary gland, and pancreas (Unigene) and is moderately well conserved (Table 3) .
DDR1
Discoidin domain receptor 1 tyrosine kinase (DDR1) is an interesting new p53-dependent (Ongusaha et al., 2003) collagen receptor (Curat et al., 2001; Figs. 2 and 3) . Its ligand-dependent autophosphorylation is h1 integrin independent (Vogel et al., 2000) , yet Wnt-5a dependent (Jonsson and Andersson, 2001 ) and pertussis toxin inhibitable (Dejmek et al., 2003) . Such a phenotype is much different from any other described collagen receptor. DDR1 is expressed in mammary gland, salivary gland, pancreas, and other tissues and is highly conserved between human and mouse (Table  3) . Null mice display enhanced collagen deposition and initially shortened mammary ducts with enlarged terminal end buds, later compensated by a burst of ductal epithelial cell proliferation associated with enlarged ductal lumena and minimal alveolar milk protein (but normal mRNA) expression (Vogel et al., 2001 ). This complex dependence on DDR1, apparently uncompensated by other collagen receptors, suggests an evolving morphogenic relationship of epithelial DDR1 with glandular stroma.
b1,4-Galactosyltransferase
With much of the extracellular matrix and cells coated in oligosaccharides and a history of work illustrating the importance of cell surface carbohydrates in embryonic compaction, it is perhaps not surprising that knockout or overexpression of cell surface h1,4-galactosyltransferase (B4GALT1; Figs. 3 and 5) alters exocrine glandular morphogenesis. Overexpression inhibits (Hathaway and Shur, 1996) and knockout enhances (Steffgen et al., 2002) ductal branching, leading later in the null to the histological impression of precocious alveolar differentiation. mRNAs for laminin a1 (less), a3 (less), g2 (more), and metalloproteinases MMP7 and MT1-MMP (both more) are curiously affected. This suggests an intriguing model (Steffgen et al., 2002) demonstrable in cell culture (Schenk et al., 2003) in which cleavage of g2 by MT1-MMP releases a cryptic promigratory EGF-like repeat capable of functionally binding EGFR and promoting cell movement (Schenk et al., 2003) . Excision of cell surface glycosyltransferase could therefore possibly be an early step in stromal-initiated remodeling at nascent branch points. Cell surface h1,4-galactosyltransferase is expressed widely in different tissues including mammary gland and pancreas (Unigene).
Netrin-1
Netrin-1 (NTN1) is a very highly conserved laminin g1 chain homologous protein ( Table 3 ) that guides axonal growth during development of the central nervous system (Hedgecock et al., 1990; Tessier-Lavigne et al., 1988) . Recently, a role in epithelial morphogenesis has become apparent (Salminen et al., 2000) (Fig. 2) in keeping with peripheral netrin-1 staining of all epithelial cells in terminal end buds of elongating mammary ducts (Srinivasan et al., 2003) and presence in salivary gland and pancreas (Unigene). In complementary fashion, netrin-1 receptor 'neogenin' is restricted to the surface of basement membrane adherent but motile 'cap' cells that form the advancing ductal boundary. When netrin-1 or neogenin is absent, a blister develops between cap and prelumenal cells. Distal segments of the periductal basement membrane and associated cap cells are also disrupted, but not affected are levels of cadherins-1 and -3 that respectively bond together prelumenal and cap cells (Srinivasan et al., 2003) . An adhesive interaction between netrin-1 and neogenin that joins both cell layers (Srinivasan et al., 2003) is occurring (Fig. 3) though the molecular details have not been fully explored.
Osteopontin
Osteopontin (SPP1) is a widely expressed calcium binding protein originally isolated from bone that binds av integrins and CD44. Intact alveolar basement membranes correlate with transiently high concentrations of alveolar osteopontin that is moderately low at earlier times (Fig. 5; Rittling and Novick, 1997) . Mice transgenic for an osteopontin antisense construct display abnormally small mammary alveoli and diminished h-casein and whey acidic protein. A similar phenotype is apparent in vitro when mammary cells are transfected with the same construct (Nemir et al., 2000) . Notably, MMP2 activity in transfectant cultures is elevated in a manner that correlates inversely with osteopontin protein expression. In vivo, however, the two approximately parallel each other with MMP2 first apparent during mammary ductal elongation, becoming elevated thereafter through ductal branching and formation of alveolar buds (Fata et al., 1999) . These observations have lead to the suggestion of a negative regulatory mechanism whereby high osteopontin levels are sufficient to compete MMP2 off basal epithelial avh3 integrin (Fig. 5) to which both osteopontin and MMP2 can bind via RGDS sites. Lack of cell surface MMP2 in turn diminishes proteolysis of alveolar basement membranes thereby promoting alveolar differentiation (Rittling and Novick, 1997) .
PTPRF (Lar)
Protein tyrosine phosphatase receptor type F (PTPRF or 'Lar receptor-like tyrosine phosphatase activity') displays features suggestive of an ECM receptor. PTPRF's fibronectin type III repeats and Ig-like domains (Table 3) help form the laminin binding extracellular domain. PTPRF can localize to focal adhesions via binding the guanine nucleotide exchange factor trio (Medley et al., 2003) . Interestingly, its cytoplasmic phosphatase domain (Table 3 ) is capable of dephosphorylating h-catenin in complexes with cadherin-1 (Muller et al., 1999) . PTPRF is widely expressed in many different tissues including salivary and mammary glands (Unigene; Figs. 5 and 6). Much unlike knockout of the receptor tyrosine kinase DDR1, mice lacking the two cytoplasmic phosphatase domains of PTPRF have a variable mammary gland phenotype manifested at the level of lactation by an apparent alveolar cell exocytotic block followed by abnormally rapid dedifferentiation (Schaapveld et al., 1997) . The basis for this phenotype is unknown. Knockout mice display abnormal cholinergic innervation of the hippocampus and delayed axonal growth after sciatic nerve crush (Van Der Zee et al., 2003) , tentatively suggesting a neuronal defect diminishing regulated glandular secretion that could in turn have negative consequences for differentiation.
TIMP1
Converging from their respective epithelial or mainly stromal sources, TIMP1 and MMP3 control the level of basement membrane discontinuity at the advancing ductal front without which further growth would be impeded (Massova et al., 1998) . When partially suppressed, via a transgenic TIMP1 antisense construct controlled by the mammary MMTV promoter, ductal growth and number is somewhat enhanced (Fata et al., 1999) . The phenotype is stronger in MMP3 overexpressing mice in which basement membranes are overtly discontinuous (Witty et al., 1995) -a growth phenotype inhibitable by simultaneous overexpression of TIMP1 (Sternlicht et al., 1999) . TIMP1 is widely expressed in many tissues, including mammary gland and pancreas (Unigene), and moderately conserved (Table 3) . It is one of four TIMP family members (Baker et al., 2002) and can be induced by TGF-h (Edwards et al., 1987 ; see diffusible factors below). Absence of TIMP2 has no apparent morphogenic phenotype (Wang et al., 2000) , whereas TIMP3 binds heparin and the glycosaminoglycan domain of ECM proteoglycans under physiological salt conditions (Yu et al., 2000) (i.e., perlecan) and when ablated results in premature involution of the pregnant mammary gland at a time when it is normally most highly expressed. TIMP3 therefore appears to act as a survival factor (Fata et al., 2001) in keeping with similar properties observed for TIMP1 and TIMP2 that are likely distinct from MMPs. When overexpressed, TIMP3 is apoptotic (Baker et al., 2002) . Notably, mice lacking MMP3 are developmentally normal with only a transient decrease in lateral branching (Wiseman et al., 2003) and an accelerated proliferation of adipocytes during involution (Alexander et al., 2001 ) observed. Mice lacking MMP2, 7, 9, and 12 also appear unaltered. Developmental compensation by MMP(s) is likely at work. However, discreet roles may be distinguished upon reexamination, as per the recent indications that MMP2 À/À mice have a subtle and transient decrease in ductal elongation and increase in branching (Wiseman et al., 2003) .
Local diffusible regulators
Growth factors and adhesion molecules display a remarkable level of interdependence (Schwartz and Ginsberg, 2002) . Extracellularly, adhesion molecules sequester, activate, and serve as cofactors for growth factor receptor ligation (Ramirez and Rifkin, 2003) . Intracellularly, signaling pathways intersect. At least 13 different growth factors are required for exocrine gland morphogenesis (Table 2 ). Most are epithelially or mesenchymally derived paracrine factors acting respectively on developing mesenchyme or epithelia in a sequential trans-basement membrane 'crosstalk.' Others are epithelially derived autocrine factors. Together, synthesis and release are exquisitely timed. Mercurio, 2002) ]. Binding the same laminin globular domain is (vii) the long isoform of h1,4-galactosyltransferase (B4GALT1). Laminin and collagen IV contribute to basement membrane formation by polymerization (Laurie et al., 1986) . Recently, it was suggested that MMP3 null mice are transiently deficient in lateral branching. Lack of MMP2 may be associated with a similarly discreet and transient increase in ductal elongation and decrease in branching, together pointing to a more subtle role for MMPs (Wiseman et al., 2003) . Fig. 5 ]. Indeed, EGF was originally discovered in extracts of mouse salivary gland (Cohen, 1962) where it is highly expressed. Four homologous receptor tyrosine kinase receptors, ErbB1, ErbB2, ErbB3, and ErbB4, are targeted. They thereupon form homo-or heterodimers and become phosphorylated on cytoplasmic domain tyrosine(s) to initiate a signal cascade for which ligand-induced internalization plays a variable and important role (Hendriks et al., 2003) . ErbB-1 (EGFR) is shared by ErbB ligands amphiregulin, betacellulin, EGF, epiregulin, epigen, heparin binding-EGF (HB-EGF), and TGFa. ErbB2 interacts directly with the EGF-like domain of the Muc4 or sialomucin complex in mammary and lacrimal glands. This interaction potentiates neuregulin1 binding (Carraway et al., 1999) and promotes an apical location for ErbB2 in polarized cells (Ramsauer et al., 2003) . Most ErbB heterodimers contain ErbB2. Neuregulin1 targets ErbB3 or ErbB4; betacellulin, epiregulin, and HB-EGF also bind ErbB4 (Harris et al., 2003) . Such receptor sharing offers a remarkable level of utilizable overlap manifested by severe receptor (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et al., 1995) and mild single ligand knockouts. Heterodimerization and assembly of cell surface complexes, such as via the amphiregulin heparin or heparan sulfate proteoglycan binding domain lacking on EGF or TGFa, enhances ligand specificity and signaling (Harris et al., 2003) .
All EGF family members are secreted as type I transmembrane proteins precursors that gain release by specific MMP-or A-disintegrin and metalloproteinase (ADAM)-mediated proteolysis. Regulation of shedding is impressive, as per the previously noted manner by which pro-HB-EGF is held in a complex with cleaving enzyme MMP7 and receptor ErbB4 by acinar cell surface CD44 (Yu et al., 2002) . Perhaps even more elaborate is shedding as a consequence of agonist stimulation. Targeting of the mammary Frizzled (Fz) receptor by Wnt1 or 5a promotes hcatenin signaling, but also rapid 'transactivation' of ErbB1 presumably by MMP mediated release of amphiregulin, EGF, and/or TGFa (Civenni et al., 2003) . Similarly, ligation of the M3 muscarinic receptor by carbachol transactivates ErbB1 in different cell types, including exocrine conjunctival goblet cells (Kanno et al., 2003) . Unknown is whether exocrine ErbB1 can be transactivated via the reactive oxygen series (ROS) pathway as per smooth muscle cells, a pathway now known to be linked to both integrin and receptor tyrosine kinase signaling in fibroblasts (Chiarugi et al., 2003) . Gene ablation suggests that amphiregulin, neuregulin1, EGF, and TGFa (Table 2) are required for exocrine gland morphogenesis, but not apparently HB-EGF and betacellulin (Jackson et al., 2003) . Mice lacking epiregulin or epigen have yet to be reported.
Amphiregulin, also known as schwannoma-derived growth factor, is moderately expressed in several different organs including breast (Unigene). Particularly impressive are the transiently high levels of expression observed in mammary terminal end buds when duct development is in full swing (Figs. 4 and 5) , and in contrast, the severity of diminished ductal growth and branching in its absence (Luetteke et al., 1999) . Proliferation and apoptosis are unaffected, leading some to suggest that ductal cell migration is impaired (Luetteke et al., 1999) as per amphiregulin's ability to promote motility in other cell systems (Gschwind et al., 2003) . The glandular phenotype is similar in ErbB1 À/À mice, which die at midgestation or as late as 20 days after birth dependent on genetic background (Sibilia and Wagner, 1995) . Also, eyelids fail to fuse, and the conjunctival sac from which the lacrimal gland develops is absent (Sibilia and Wagner, 1995) . To get around the problem of perinatal death, combinations of ErbB1 À/À or wild-type mammary epithelium or fat pad were grown for 1 month under wild-type renal capsule. Curiously, wild-type fat pad promoted ductal morphogenesis of ErbB1 À/À epithelium but not the reverse (Sebastian et al., 1998) , even though ErbB1 is expressed by both cell types (Luetteke et al., 1999) . MMTV-driven epithelial expression (Ahmed et al., 2002) of dominant-negative ErbB1 lacking much of the cytoplasmic domain also inhibited ductal branching (Xie et al., 1997) . Suggested therefore is crosstalk between epithelial amphiregulin and mesenchymal ErbB1 (Figs. 2 and 3) , with mesenchyme a precondition for autocrine ErbB1 signaling.
Neuregulin1 (heregulin-a) plays an important role in alveolar cell proliferation and differentiation and is expressed in a number of different tissues including mammary gland (Unigene). Neuregulin1 expression by mammary mesenchymal cells (Figs. 4 and 5) peaks at day 15 of pregnancy (Yang et al., 1995) and when ablated is associated with a sharp reduction in alveoli attributable to a similar decrease in epithelial cell proliferation. Also negatively affected is h-casein RNA expression, seemingly compensated by a-lactalbumin (Li et al., 2002) . Similarly, both dominant-negative ErbB4 and ErbB2 (Jones and Stern, 1999) , or conditionally deleted ErbB4 (Long et al., 2003) , mice display abnormally small alveoli and reduced lactation, suggesting that the ErbB4/ErbB2 heterodimer mediates neuregulin1 signaling. Noted in the ErbB4 dominant negative was lack of tyrosine phosphorylation of transcription factor Stat5, in keeping with the absence of alveoli when Stat5 is ablated (Liu et al., 1997) . Phosphorylation of Stat5 was also less, and lactation altered, in mice lacking amphiregulin, amphiregulin plus EGF, or amphiregulin plus EGF and TGFa, suggesting that ErbB1 ligands may contribute to lactation (Luetteke et al., 1999; Schroeder and Lee, 1998) .
CSF1
Colony stimulating factor 1 (CSF1) is widely expressed at moderately low levels in epithelial cells of the ductal tree in mammary gland and pancreas and 10-fold higher in acinar cells of salivary gland (Ryan et al., 2001 ). The CSF1 receptor (CSF1R) is available on macrophages (Fig. 3) and related cells. Macrophages are normal stromal constituents of the developing lacrimal, mammary, and salivary glands and of the exocrine pancreas. When radiationsensitive macrophages and primary bone marrow-derived cells are selectively depleted by whole body g-irradiation, mammary-branching morphogenesis stalls. Subsequent bone marrow transplantation restores branching. A similar branching and macrophage deficit is displayed in mammary glands of mice bearing a deactivating nucleotide insertion in the coding region of CSF1 (Pollard and Hennighausen, 1994; Gouon-Evans et al., 2000) . Normalcy is reestablished by overexpression of CSF1 (Van Nguyen and Pollard, 2002) . These observations have led to the suggestion that ductal CSF1 attracts migrating macrophages to the periductal stroma where they release growth factors and/or MMPs that in turn promote branching morphogenesis (GouonEvans et al., 2000) . CSF1 and CSF1R are moderately conserved (Table 3) .
FGF10
Discovery of the 23 member fibroblast growth factor (FGF) family of multifunctional heparin binding (Raman et al., 2003) morphogens got its start almost 30 years ago in a screen for bovine pituitary extracts capable of promoting fibroblastic 3T3 cell proliferation (Gospodarowicz, 1974) , an activity later found to be widely expressed in other tissues or cell cultures. At least three of five FGF receptor (FGFR1-3) genes display tissue-regulated alternative splicing of extracellular domain III to specify FGF binding in a complex manner that varies among ligand-receptor pairs and involves heparin-mediated linkage of FGF and FGFRheparin binding domains (Ostrovsky et al., 2002 ). FGF's strong affinity for heparan sulfate side chains, which decorate the core protein of basement membrane proteoglycan perlecan, cell surface syndecans, and CD44, contributes importantly to receptor targeting and may represent a subtle tissue or time-specific control mechanism sensitively regulated by delicate changes in sulfation (Allen et al., 2001; Knox et al., 2002) . Gene knockout studies suggest that FGF10, but not FGF7, nor apparently FGF1, 2, 3, 4, 5, 6, 8, 9, 14, or 18 are required for exocrine gland organogenesis.
FGF10, like FGF7 and FGF22, is mesenchymally expressed and specifically targets epithelial FGFR2B (Figs.  1 and 3) . Differing is the strategic distribution of FGF10 expressing cells, which in midgestation lacrimal gland assembles together like an inverted heating mantle around surface FGFR2B-positive cells of the growing lacrimal bud (Makarenkova et al., 2000; Govindarajan et al., 2000) . In contrast, FGF7 expressing cells are absent from the bud region and are distributed diffusively elsewhere. A similar pattern is apparent in pancreas, salivary gland, and mammary gland (Dichmann et al., 2003; Hoffman et al., 2002; Miralles et al., 1999 Mailleux et al., 2002) , much in keeping with mice overexpressing a dominant-negative soluble form of FGFR2 (Celli et al., 1998) . Similarly, lacrimal glands are absent from mice hemizygous for FGFR2 exon 9 (IIIc), an alteration thought to cause misexpression of FGFR2B in mesenchyme thereby interrupting epithelial -mesenchymal interactions and branching morphogenesis (Hajihosseini et al., 2001 ). Despite its immense role in organogenesis, human FGF10 is poorly represented in EST databases suggesting low or discrete levels of expression. More FGF10 ESTs are apparent in mouse, and FGFR2 is expressed extensively (Unigene).
IGF1 and IGF2
The complex insulin-like growth factor (IGF) system composes the widely expressed ligands IGF1 (somatomedin C) and IGF2 (somatomedin A), the type 1 (IGF1R) and 2 (IGF2R) insulin-like growth factor receptors, and a six member, multifunctional IGF binding protein family susceptible to various proteases including MMPs-1 to -3 (Firth and Baxter, 2002) and ADAMs-9 and -12 (Mohan et al., 2002) . IGF1 and IGF2 mainly target the insulinreceptor-homologous IGF1R. Soluble, high affinity IGF binding proteins compete with insulin-like growth factor receptors for ligand (Payet et al., 2003) . This modulatory mechanism serves to transport IGFs in serum and indirectly couple IGFs with various extracellular matrix molecules including cell surface heparan sulfate proteoglycans, fibronectin, and vitronectin. Other IGF binding protein partners include a5h1 integrin (via RGD site) and the TGFh type V receptor (Firth and Baxter, 2002) . Survey of all IGF system gene knockouts indicates key roles for IGF1, IGF2, IGF1R, and the insulin receptor in the morphogenesis of exocrine glands. Information on IGF binding protein knockouts is lacking either from absence of exocrine glandular detail (IGFBP2), not published (IGFBP5; see Firth and Baxter, 2002) , or apparently not undertaken.
IGF1s diverse tissue distribution includes mammary gland and pancreas. In mammary gland, it is expressed by both mesenchymal and epithelial cells to target IGF1R on epithelial cells of proliferative end buds resulting in ductal growth (Fig. 2) . When ablated, mammary ductal area and number of terminal end buds were reduced by 94% and 82%, respectively, a deficiency partially treatable with IGF1 but not estrogen or growth hormone (Ruan and Kleinberg, 1999 ). An identical phenotype was apparent in mice lacking IGF1R, in which lack of growth could be attributed to decreased proliferation and not increased apoptosis (Bonnette and Hadsell, 2001) . Conditional knockout of the androgen receptor substantially decreases mammary IGF1R expression resulting in a similar phenotype (Yeh et al., 2003) . Some similarities and differences are observed in pancreas where development of the exocrine, but not endocrine, component is greatly diminished in IGF1 À/À or IGF2 À/À mice as a result of decreased proliferation. Mice double null for IGF1R and the insulin receptor, but not single null for each, were similarly affected. Since IGF1 family member IGF2 can uniquely target both receptors and displays a similar phenotype when ablated, it seems likely that IGF2 (Fig. 4) may be key for the exocrine pancreas (Kido et al., 2002) . IGF2 is expressed in pancreas, mammary gland, and multiple other tissues.
Indian or sonic hedgehog (IHH/SHH)
The hedgehog (Hh) family of morphogens are tethered in part to basement membrane and cartilage (Gritli-Linde et al., 2001 ) perlecan in a heparin-independent manner (Park et al., 2003) . Hedgehogs were discovered in Drosophila (Nusslein-Volhard and Wieschaus, 1980) . Vertebrates have three family members including desert hedgehog (Dhh; DHH), Indian hedgehog (Ihh; IHH), and sonic hedgehog (Shh; SHH). Dhh, Ihh, and Shh display similar structural domains (Table 3 ) and functions. Hedgehogs display a C- (2000) ACVR1B, activin receptor type IB ('ActR-IB' or 'ALK4'); ACVR2B, activin receptor type IIB ('ActR-IIB'); AREG, amphiregulin; BMP, bone morphogenetic protein; BMPR, bone morphogenetic protein receptor; CSF, colony stimulating factor; CSF1R, colony stimulating factor 1 receptor; EGFR, epidermal growth factor receptor (erythroblastic leukemia viral oncogene homolog M; 'ErbB1'); ERBB3, 4, erythroblastic leukemia viral oncogene homolog 3, 4 ('ErbB3, 4'); FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FZD, Frizzled homolog; INHBB, inhibin hB; IGF, insulin-like growth factor; IGFR, insulin-like growth factor receptor; IHH, Indian hedgehog; LIF, leukemia inhibitory factor; LIFR, leukemia inhibitory factor receptor; NRG1, neuregulin1; PTCH, patched homolog; PTHLH, parathyroid hormone-like hormone; PTHR1, parathyroid hormone receptor 1; SHH, sonic hedgehog; TGFB, transforming growth factor beta; TGFBR1, transforming growth factor beta receptor 1 ('TGFhRI'); TGFBR2, transforming growth factor beta receptor 2 ('TGFhRII'); TNFSF, tumor necrosis factor (ligand) superfamily; TNFRSF, tumor necrosis factor receptor superfamily; WNT4, wingless-related MMTV integration site 4; H, Harderian gland; L, lacrimal gland; M, mammary gland; P, exocrine pancreas; S, salivary gland; ep, epithelium; ma, macrophage; me, myoepithelium; ms, mesenchyme; sm, smooth muscle; st, stroma.
terminal hydrolytic and cholesterol transferase domain that internally cuts the molecule in half and adds a hydrophobic cholesterol moiety on the C-terminus of the released morphogenic N-terminal fragment. In addition, palmitoylation of the hedgehog N-terminus enhances activity but not receptor binding (Pepinsky et al., 1998) . Palmitoylation together with cholesterol makes for a highly lipophillic fragment thought by some to be restricted to short range morphogenic action, whereas experimentally it is clear that the unmodified fragment diffuses freely but patterns abnormally (Porter et al., 1996) . How hedgehogs form long range morphogenic gradients (Gritli-Linde et al., 2001 ) is not well understood. Gradient formation is thought to involve the 12 pass transmembrane protein 'dispatched' (Disp) that, like the hedgehog receptor 'patched 1' (Ptc1; PTCH), contains a sterol sensing domain (Kawakami et al., 2002) . Both Ptc1 and Disp are morphologically thought to resemble ion channels or transporters. The role of perlecan is not well integrated with these models. Perlecan is required for hedgehog signaling (Park et al., 2003) and could contribute via its cell proximal location to gradient formation and presentation of hedgehog to patched possibly through candidate tethering sites in domain IVs hydrophobic stretch or domain II LDL receptor class A homologies (Noonan et al., 1991; Murdoch et al., 1992; Laurie et al., 1982) . Other studies point to the heparan sulfate transferase 'EXT1' as being involved in proteoglycan-dependent aggregation and target cell diffusion of hedgehog (Gallet et al., 2003) . Alternatively, it is the rate of hedgehog diffusion (Dillon et al., 2003) that is key to long range gradient formation. Hedgehog signaling occurs in an unusual manner via the G-protein coupled receptor-homologous protein 'Smoothened' (Smo) when hedgehog ligates the 12 pass transmembrane receptor Ptc1 or its homolog Ptc2. Subsequent downstream signaling targets the Gli1 family of transcriptional activators that in turn promotes the expression of Ptc1 and Hip genes. Hip codes for a cell surface type I transmembrane protein that competes with Ptc1 for hedgehog (Chuang and McMahon, 1999) and when absent affects the endocrine but apparently not the exocrine pancreas (Kawahira et al., 2003) . Curiously, in neuroepithelium and likely elsewhere, unoccupied Ptc1 promotes apoptosis (Thibert et al., 2003) . Dependent on situation, an important developmental interrelationship exists between hedgehogs and FGFs, PTHrP, TGFhs, and Wnts. For example, notochordal activin hB and FGF2 inhibit Shh expression-a prerequisite for pancreas development (Hebrok et al., 1998) . Hedgehog signaling elements are well represented in exocrine glands (Hebrok et al., 2000; Jaskoll et al., 2004; Lewis et al., 1999; Unigene) , that is, Dhh, Ihh, Ptc1, Dvl2 (mammary gland, pancreas), Shh, Ptc2, Disp (mammary gland), Smo, Dvl1 (mammary and salivary gland, pancreas), Shh, Ptc1, and Smo (salivary gland). In mammary gland, Ihh and Ptc1 are primarily localized to ductal and alveolar epithelia with some Ptc1 stromal expression (Lewis et al., 1999) . Since absence of Ptc1 (Goodrich et al., 1997) or both Ihh and Shh (Ramalho-Santos et al., 2000) is early embryonic lethal and absence of Shh alone is late embryonic lethal, attention has been paid to Ptc1 +/À mammary glands and transplantation of Ihh À/À and Shh À/À mammary epithelia into wild-type stroma. Ptc1 +/À glands display a very modest hypercellularity of ductal epithelia, later corrected (Lewis et al., 1999) ; whereas single hedgehog nulls appear normal (Gallego et al., 2002) . It is thought that Ihh, Shh (Michno et al., 2003) , and possibly Dhh can compensate for one another in mammary development since expression of Ihh and Shh (and partially Dhh) is overlapping (Lewis et al., 1999 ) and all three factors ligate Ptc1.
E18.5 salivary gland from Shh
À/À mice, however, displays much reduced branching (Jaskoll et al., 2004) . Ablation of transcription factor Gli2 to which hedgehogs signal leads to misshapen mammary ducts, some with wide lumena (Lewis et al., 2001 ).
Inhibin b, BMP7, and TGFb 1-3
Central to exocrine glandular morphogenesis are several members of the transforming growth factor h (TGFh) superfamily of inhibins or activins, TGFhs, nodal, bone morphogenetic factors (BMPs), Mullerianinhibiting substance (MIS), and growth and differentiation factors (GDFs). The TGFh superfamily is remarkably integrated into the cellularized polymeric gels that seed new exocrine glands. Playing into this role are coreceptors and extracellular 'ligand traps,' a propensity by TGFhs to trigger deposition of new extracellular matrix; and cellular microprocessing of these and other influences that make TGFh action very dependent on context (Shi and Massague, 2003) . Serving as coreceptors are the moderately expressed transmembrane heparan sulfate proteoglycan 'betaglycan,' the EGF and cysteine-rich CFC domain protein Cripto (TDGF1), and the RGD bearing homodimeric type I integral membrane protein endoglin. Betaglycan (transforming growth factor beta receptor III; TGFBR3) displays typical proteoglycan multifunctionality. Not only does it bring TGFh1,3 and inhibins into receptor proximity via binding domains on its core protein in a manner that can enhance affinity for receptor (Esparza-Lopez et al., 2001) , it also serves as a coreceptor for FGFs, which are drawn to its free heparan sulfate side chains. In contradistinction, ligand traps sequester away and/or inactivate TGFhs from target cells. Examples include the collagen binding small leucine-rich proteoglycan decorin (Kresse and Schonherr, 2001) , latency-associated protein derived from the precursor form of TGFh (De Crescenzo et al., 2001) , and follistatin. TGFh superfamily receptors are serine or threonine kinases (Table 3) , designated as either type I or II by homology (i.e., ACVR1B, ACVR2B). Preferential ligand binding by one type promotes dimerization with its opposite pair and activation of downstream Smad's (Lee et al., 2003) , a pathway directed towards nuclear transcription (Shi and Massague, 2003) . Gene knockout experiments suggest that inhibins or activins containing the inhibin hB subunit (INHBB), as well as BMP7 and TGFh1-3 (TGFB1-3), are required for exocrine glandular morphogenesis. Not apparently contributing are Mullerian inhibitory substance, BMP3, BMP6, BMP8, BMP15, GDF9, nodal, and activin A.
The inhibin hB subunit is constitutively expressed throughout mammary development (Jeruss et al., 2003; Robinson and Hennighausen, 1997) and in salivary gland (Unigene). Pancreatic expression is barely detectable at E12 but rises steadily thereafter (Dichmann et al., 2003) , first in duct-associated mesenchymal and scattered glucagon-positive epithelial cells destined for the endocrine lineage (Maldonado et al., 2000) . When absent in mammary gland, ducts fail to fully lengthen, terminal end buds are retained, and alveolar formation is impeded. All three deficiencies are rescuable by transplantation of null epithelia into wild-type fat pads but not wild-type epithelia into null fat pads (Robinson and Hennighausen, 1997) , suggesting that the highly conserved inhibin hB subunit (Table 3) in mammary gland is mesenchymally derived (Fig. 2) much like FGF10 (primitive epithelial ingrowth) and neuregulin (acinar or alveolar differentiation) discussed earlier.
Later, the source of inhibin hB appears to be primarily epithelial, in keeping with a presumed switch to autocrine signaling (Jeruss et al., 2003) . Inhibin hB contributes to inhibin B (dimer of inhibin a and hB), activin AB (dimer of inhibin hA and hB), and activin B (dimer of inhibin hB). All target the epithelial type II receptor 'ActR-IIB' (ACVR2B) but display differential recruiting of the type I receptor 'ActR-IB' (ACVR1B, also known as 'ALK4'; only activins). Betaglycan binds inhibins and TGFh (Lewis et al., 2000; Chapman et al., 2002) . Follistatin binds activins, BMP2,4,7, and GFD5. Each receptor is very highly conserved (Table 3 ) and moderately expressed (Unigene). Strong phenotypes result when ablated. For example, in ActR-IIB À/À mice, the pancreas is much smaller (Kim et al., 2000) .
BMP7 was originally isolated as an osteogenic factor from bone (Ozkaynak et al., 1990) . BMP7 is now known to be expressed widely in multiple different tissues including pancreas (Dichmann et al., 2003) , breast (Unigene), and in ductal epithelia and some mesenchymal cells of the salivary gland (Jaskoll et al., 2002; Hoffman et al., 2002) . Salivary gland BMP7 mRNA gradually decreases from maximum at midgestation (Hoffman et al., 2002) , suggesting a very tight window of developmental expression, whereas only a slight increase in pancreatic expression is observed from early to late gestation (Dichmann et al., 2003) . Reduced salivary branching and a disorganized mesenchyme have been noted in BMP7 knockout mice (Jaskoll et al., 2002 ). An ActR-IIA dominant-negative construct displays a very modest exocrine pancreas phenotype (Shiozaki et al., 1999) , possibly suggesting that the primary BMP7 receptor pair is ActR-IIB or BMPR-II (Shi and Massague, 2003) rather than ActR-IIA.
The TGFh1-3 isoforms are epithelially expressed and target epithelial ductal and mesenchymal ThR-II (Crisera et al., 2000) of the ThR-II/ThR-I (TGFBR2/TGFBR1) receptor heterodimer (Figs. 3-5 ). Each appears in an overlapping but slightly differing manner in mammary terminal end buds with TGFh1 seemingly elevated in virginal and early pregnant glands but decreased thereafter. In contrast, TGFh2 and 3 are maximal at midpregnancy (Robinson et al., 1993) . Similarly, ductal morphogenesis and TGFh1 expression go hand-in-hand in the developing exocrine pancreas and salivary gland (Jaskoll and Melnick, 1999) . Expression peaks in pancreatic acini at birth (Crisera et al., 2000) and continues to be expressed later (Kulkarni et al., 1993) together with lesser levels of pancreatic TGFh2 and TGFh3 (Yamanaka et al., 1993) . Unknown is the amount of available active isoforms (Barcellos-Hoff and Ewan, 2000) , for much becomes trapped in the extracellular matrix (Silberstein et al., 1992) . When individually ablated, the results are suggestive of compensatory up-regulation. E18.5 (Long et al., 2003) . Stat5 nulls have a similar phenotype (Liu et al., 1997) . Little attention has been paid to differentiation of exocrine secretory pathways (Castle et al., 2002) . salivary glands from mice lacking TGFh2 or TGFh3 (Jaskoll and Melnick, 1999) , and 7-to 30-day salivary gland or exocrine pancreas from TGFh1 À/À mice (Boivin et al., 1995; Kulkarni et al., 1995) , appear to develop normally even though exocrine glands and other tissues of TGFh1 À/À mice are subject to severe autoimmune disease (Kulkarni et al., 1993) . More informative are TGFh overexpression and receptor dominant-negative models. TGFh1 overexpression driven by the epithelial MMTV promoter suppressed enlargement of the mammary ductal network (Pierce et al., 1993) . The opposite was true with a dominantnegative ThR-II receptor construct also driven by MMTV; and alveolar formation was enhanced (Gorska et al., 1998) . When TGFh1 overexpression occurred later-via the epithelial whey acidic protein promoter-alveolar formation and milk secretion were diminished (Jhappan et al., 1993) . Even later, dominant-negative ThR-II receptor expression in pancreatic acinar cells [metallothionein-like (MT) promoter with zinc] triggered acinar to ductal cell dedifferentiation, acinar cell apoptosis, and proliferation and increased macrophagic infiltration (Bottinger et al., 1997) . The latter bears receptors for the ductal branching mitogen CSF1 (GouonEvans et al., 2000), as discussed above. Together these data point to the importance of TGFh signalling through epithelial ThR-II or ThR-I in the negative regulation of ductal branching and alveolar or acinar formation. Suggested additional roles in acinar cell differentiation and survival appear contradictory but are a reminder of likely linkages to other factors. For example, dominant-negative ThR-II expression in periductal mammary stromal cells sparks increased branching in a manner associated with increased hepatocyte growth factor (HGF) but not MMP2, MMP3, or IGF1 expression (Joseph et al., 1999) . HGF is a widely expressed morphogen (Unigene) that promotes branching morphogenesis in vitro. Absence from Table 2 reflects lack of a living genetic model due to early lethality (Birchmeier and Gherardi, 1998) and no apparent conditional models relevant to exocrine morphogenesis.
LIF
Leukemia inhibitory factor (LIF) is an EGF and TGFh inducible (Schluns et al., 1997) member of the IL6 cytokine family with multiple functions. LIF is present in many tissues (Unigene). When overexpressed in endocrine pancreas, LIF promotes a noradrenergic to cholinergic neurotransmitter switch in sympathetic neurons innervating islets (Bamber et al., 1994) and promotes the differentiation of mouse corticotrophs by triggering a G 1 /S cell cycle block and enhancing ACTH secretion (Stefana et al., 1996) . Comparatively, little is known of its role in exocrine morphogenesis. Analysis in mammary gland reveals a biphasic RNA expression pattern with peak levels in virgin or pregnant and involuting glands and little during lactation (Kritikou et al., 2003; Schere-Levy et al., 2003) . When ablated, ductal growth is impaired and alveoli precociously appear, the latter underscored by a dramatic decrease in phosphorylated ERK1/2, and increase in phosphorylated Stat5 and expression of h-casein (Kritikou et al., 2003) . Presence of LIF therefore promotes ductal growth (Fig. 2) and negatively regulates alveolar formation.
PTHLH (PTHrP)
Parathyroid hormone like hormone (PTHLH) promotes the survival and initial differentiation of FGF10 expressing mesenchymal cells in mammary gland. PTHLH is an 18-kDa factor identified originally in a human lung cancer cDNA library (Moseley et al., 1987) and independently in a search for a cDNA underlying human malignant hypercalcemia (Suva et al., 1987) . Diffusion of epithelially expressed PTHLH from the preformed mammary bud targets parathyroid hormone receptor 1 (PTHR1) on surrounding mesenchymal cells (Fig. 1) to in turn stimulate androgen receptor expression necessary for androgendependent apoptosis of buds in males. Also stimulated are the large antiadhesive ECM component tenascin C, h-catenin, the LEF-1 transcription factor (Dunbar et al., 1999; Foley et al., 2001) , and mesenchymal factors. To- Fig. 6 . Acinar or alveolar cell survival factors. (i) CD44 is an apically located heparan sulfate proteoglycan (shown), which complexes with ErbB4 and pro-HB-EGF (not depicted). Different isoforms and distributions of CD44 are created by alternative splicing and partial proteolysis (Cichy and Pure, 2003) . (ii) Epithelial cadherin-1 (CDH1), (iii) PTPRF, and (iv) h1 integrins (ITGB1) are individually required for acinar or alveolar cell survival.
gether they reciprocate to sustain mammary bud differentiation and ingrowth and promote epithelial expression of the proliferation, differentiation, or survival factor TNFSF11 (Fata et al., 2000; see below) . When either PTHLH or PTHR1 are ablated, androgen receptor, tenascin C, hcatenin, and LEF-1 fail to be appropriately expressed and epithelial buds degenerate-a condition largely reversible by crossing PTHLH À/À mice with PTHLH overexpressors (Wysolmerski et al., 1998) . A similar phenotype is observed in the LEF-1 knockout mouse (van Genderen et al., 1994) . Augmentation of h-catenin and LEF-1 points to a reappearing morphogenetic dependence on the Wnt or catenin signaling pathway about which we further discuss in the Wnt section below. Gaining little attention in exocrine morphogenesis is the potential contribution of angiogenesis, which PTHLH is capable of inhibiting via a protein kinase-A-dependent pathway (Bakre et al., 2002) . Human PTHLH is expressed in pancreas and mammary gland, among other tissues including endochondral bone (Unigene), and is moderately well conserved (Table 3) .
TNFSF11 (RANKL)
Tumor necrosis factor ligand superfamily member 11 (TNFSF11) is denoted by several descriptive names and acronyms including 'receptor activator of nuclear factor kappa b ligand' (RANKL), 'TNF-related activationinduced cytokine' (TRANCE), 'osteoprotegerin ligand' (OPGL), and 'osteoclast differentiation factor' (ODF). Such terminology reflects TNFSF11s primary role as a bone cytokine (Boyle et al., 2003; Khosla, 2001) . TNFSF11 is a trimeric (Ito et al., 2002) type II membrane protein, cleavable in part to a smaller soluble form. Both membrane and soluble forms are active. Identification was achieved via a screen for the ligand of the TNF receptorlike protein TNFRSF11B (osteoprotegerin, OPG; Simonet et al., 1997; Yasuda et al., 1998) now known to be a key TNFSF11 antagonist since it lacks a transmembrane domain and is soluble. The true TNFSF11 receptor is TNFRSF11A, also known as RANK (Nakagawa et al., 1998) , a type I transmembrane protein somewhat less well conserved than TNFSF11 (Table 3) , but via which multiple signaling cascades are triggered in a TRAF6-dependent manner (Boyle et al., 2003) . Both ligand and receptor are coexpressed ( Fig. 4 ; Fata et al., 2000) ; and in mammary ductal and alveolar cells, TNFSF11 expression is inducible with progesterone, prolactin, and PTHLH, but not estrogen. TNFSF11 antagonist TNFRSF11B is also expressed in mammary gland and pancreas (Unigene), suggesting that mammary gland contains the complete TNFSF11, TNFRSF11A, or TNFRSF11B system. Alveoli are lacking from mice null for TNFSF11 or TNFRSF11A, a result likely caused by enhanced alveolar cell apoptosis from suppressed Akt activation (Fata et al., 2000) . TNFSF11 also stimulates expression and nuclear translocation of the transcription factor C/EBP h. C/EBP h binding sites are well represented in the h-casein gene promoter and are required for TNFSF11 stimulation as revealed by TNFSF11 unresponsiveness when C/EBP h sites are mutated (Kim et al., 2002) . Notably, mice lacking the C/EBP h gene display impaired alveolar development Seagroves et al., 1998) .
Wnt-4
Discovery of Wnts (WNT; wingless-type MMTV integration site) and their important developmental role as ligands (Bhanot et al., 1996) for the Frizzled [Fz (FZD); Vinson et al., 1989] family merged the fields of mammary oncogenesis with Drosophila developmental genetics. Wnt1 was identified in a screen for genes insertionally activated by mouse mammary tumor virus (MMTV) and accordingly is not normally expressed in lactating mouse mammary gland (Nusse and Varmus, 1982) . Wnt-1 protein homology to the Drosophila wingless gene product was appreciated several years later (Cabrera et al., 1987; Rijsewijk et al., 1987) . Wnts derive from a 19 member human gene family encoding 39 -44 kDa secreted morphogens with lipid attached by palmitoylation to effectively concentrate Wnts near the cell surface (Willert et al., 2003) . A heparin binding domain targets surface heparan sulfate proteoglycans, such as syndecan-1, which serve as Wnt coreceptors (Alexander et al., 2000) . Fz receptors bear many similarities to G protein coupled receptors at both structural and functional levels and signal either through calcium in a pertussis toxin-sensitive manner or via h-catenin (Wang and Malbon, 2003) . Both Wnt pathways are mediated by the cytoplasmic phosphoprotein Dishevelled (Dsh). In the calcium pathway, Dsh is placed downstream of a pertussis toxin-sensitive step in which Gao or Gaq (or Gat) of the Gahg protein complex binds the Fz cytoplasmic domain and exchanges GDP for GTP (Liu et al., 2001) . Dsh is upstream of steps involving the sequential activation of protein kinase C (PKC), Ca 2+ /calmodulin-dependent protein kinase II (Sheldahl et al., 2003) , and calcineurin (Wang and Malbon, 2003) . Adding to the Wnt-1/5a signaling arsenal is transactivation of ErbB1 (Civenni et al., 2003) , as noted previously. The h-catenin ('Wnt canonical') pathway is triggered by Wnt ligation of Fz in the presence of transmembrane low-density lipoproteinreceptor-related proteins-5 or -6 ('LRP5/6'), without which little or no Wnt signaling is observed (Schweizer and Varmus, 2003) . Indeed, binding of LRP6 by the Wnt antagonist Dickkopf-1 inhibits Wnt signaling (Bafico et al., 2001) . Fz and LRP6 are united by the h-catenin binding or scaffolding protein axin, which targets the cytoplasmic domain of LRP directly, and Fz indirectly via Dishevelled (Dsh; Schweizer and Varmus, 2003) . Activated Dsh inhibits h-catenin phosphorylation by glycogen synthase kinase (GSK)3-h, thereby stabilizing hcatenin. Rising cytoplasmic levels of h-catenin lead to nuclear entry, aggregation with transcription factor LEF-1, and hence enhanced transcription. Several Wnts are differentially expressed in exocrine glands (Wnts 2, 4, 5a, 5b, 6, 7b, 10b, and 16a; Fear et al., 2000; Gavin and McMahon, 1992; Lane and Leder, 1997; Weber-Hall et al., 1994 ; Unigene), but only Wnt-4 is currently known to be indispensable for exocrine morphogenesis as studied by gene ablation (Brisken et al., 2000) .
Wnt-4 is expressed during late ductal branching by epithelial cells (Fig. 3) of the mammary gland (Weber-Hall et al., 1994) and has also been detected in pancreas (GeneCard). Wnt-4 is highly conserved between human and mouse or rat (Table 3) , and accordingly Wnt-4 À/À mice are perinatal lethal. Transplantation of midgestational Wnt-4 À/À mammary epithelia into mesenchyme of wild-type pregnant mice revealed a marked deficiency in ductal branching that became less obvious with time, suggesting compensation by the late appearing (Weber-Hall et al., 1994) Wnts-5a, -5b, and -6. No differences were noted when transplanted into mesenchyme of virgin mice, suggesting that Wnt-4 responsiveness was pregnancy dependent (Brisken et al., 2000) . Indeed, Wnt-4 expression is triggered by progesterone, unlike stromally expressed Wnts5a and -6, and epithelial Wnt-5b (Brisken et al., 2000) . Wnt-4 signals via h-catenin to the transcription factor LEF-1, in keeping with the requirement of h-catenin for alveolar formation, as studied using WAP and MMTV promoter constructs predominantly active during this time (Tepera et al., 2003 ; noted earlier in cadherin section), and observation of LEF-1 À/À mice that lack mammary glands and die at birth (van Genderen et al., 1994) . Moreover, Wnt-4 overexpression in mammary epithelial cells promotes ductal branching (Bradbury et al., 1995) . The same has also been observed for Wnt-1 overexpression (Brisken et al., 2000) in a possibly less phenotypically normal (Bradbury et al., 1995) or hyperplastic (Tsukamoto et al., 1988) manner dependent presumably on dose, in keeping with a role for nonnative Wnt-1 expression in tumorigenesis.
Perspectives
A remarkable collection of morphogenic cell adhesion molecules, growth factors, and their receptors have emerged from the increasing number of mouse gene knockout, dominant-negative, and antisense models. That each is essential, even though overlapping in expression, speaks to the manner by which multiple gene products drive glandular organogenesis at any given point of time. Possibly cells and/or cell groups in developing tissues behave like dynamic microprocessors (Wiley et al., 2003) capable of integrating common and diverse signaling networks into a rationale organogenic outcome. Future study will require a systematic assimilation of molecular data, broadly collected in time and space. Such analyses should be inclusive of gland-restricted factors (i.e., the lacrimal gland prosecretory mitogen lacritin; Sanghi et al., 2001 ) that may trigger key developmental pathways and cellular functions. Optimally, one could seek to apply real time imaging to the documentation of green fluorescent protein-tagged glandular morphogenesis in living mice, as would be practically possible with the subcutaneous lacrimal, mammary, and salivary glands. If genes were systematically ablated in a conditional, time-controlled manner, and if high resolution imaging was utilized, the gathered data would be very informative and potentially applicable to computational modeling. Integration of the interweaving influences of cell adhesion factors, growth factors, transcription factors, and hormones during the course of exocrine glandular morphogenesis is a tall order, but one which holds considerable promise.
